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The essential role of the brain in maintaining energy homeostasis has motivated the drive to define the neural
circuitry that integrates external and internal stimuli to enact appropriate and consequential metabolic and
behavioral responses. The hypothalamus has received significant attention in this regard given its ability
to influence feeding behavior, yet organisms rely on a much broader diversity and distribution of neuronal
networks to regulate both energy intake and expenditure. Because energy balance is a fundamental deter-
minant of survival and success of an organism, it is not surprising that emerging data connect circuits con-
trolling feeding and energy balance with higher brain functions and degenerative processes. In this review,
we will highlight both classically defined and emerging aspects of brain control of energy homeostasis.Introduction
A fundamental requirement for an organism’s survival is its ability
tomaintain a homeostatic internal metabolic environment. Times
of scarcity require sufficient energy storage from times of reple-
tion to utilize for both basic physiological functions as well as
additional energy-expensive demands such as foraging for
food, flight from predators, and reproduction. This occurs on
varying scales, from a daily rhythm of fasting while sleeping
and feeding while awake to a longer-term cycle of famine that
typified hunter-gatherer societies and especially early post-agri-
cultural humans (Berbesque et al., 2014). As such, malfunction of
energy storage machinery confers a distinct disadvantage,
especially when resources are limiting. Humans’ evolutionary
history has featured almost exclusively times with a dearth of
these resources, with only a portion of the population relatively
recently finding themselves with excess caloric availability.
Coupled with modern conveniences and an associated seden-
tary lifestyle, these realities have led to an unabated increase in
obesity, metabolic disease, and type II diabetes. The costs
attributed to this increase are devastating, with an estimated
hundreds of billions spent each year on medical treatment alone
(Finkelstein et al., 2009), alongside a reduction in work productiv-
ity and quality of life that is more difficult to quantify. While gen-
eral environmental measures such as diet and exercise are often
capable of alleviating some of these negative consequences,
there exists an undeniable genetic component seemingly tuned
in humans toward efficient and excessive energy storage that
makes this process much more challenging.
Many hypotheses have been put forth to explain the origins of
this efficiency. Over 50 years ago, the ‘‘thrifty genotype’’ hypoth-
esis suggested that alleles conducive to energy storage were
selected for during the evolutionary history of humans to ensure
the ability to survive until reproductive age in an energy-scarce
environment—a genetic complement that, unfortunately, be-
comes detrimental in obesogenic environments (Neel, 1962).
Thirty years later, an alternative stance, dubbed the ‘‘thrifty
phenotype’’ hypothesis, placed the cause of humans’ suscepti-
bility to obesity and type II diabetes on selective pressure due to962 Cell Metabolism 22, December 1, 2015 ª2015 Elsevier Inc.the nutrient-poor fetal and early postnatal environment rather
than that of later development (Hales and Barker, 1992). More
recently, a further iteration, the so-called ‘‘drifty genotype’’
hypothesis, offers that these genes are, in actuality, under little
selection pressure and came about due to the random nature
of genetic drift (Speakman, 2008). Of course, it has been further
suggested that none of these models fully captures what is likely
a very complex reality and that different migrating populations
presumably faced varying selection environments, helping to
explain the inequality in predisposition to obesity and its related
metabolic disorders across groups (Sellayah et al., 2014).
Though the root cause of the mechanisms responsible for effi-
cient energy storage may remain contested, the central role of
the brain in regulating energy balance is undisputed. The act of
eating is an everyday part of the human experience and repre-
sents an obvious component of energy homeostasis. Indeed,
through this process, the body acquires the building blocks
required for internal biochemical reactions, without which sur-
vival would cease in a matter of weeks. As such, investigation
into the neural basis of the promotion or cessation of this
behavior has been amajor focus of metabolic research. Themel-
anocortin system of the hypothalamus has emerged at the fore-
front of this work with several seminal findings showing the
potent ability of its constituent cells to induce both hypophagia
and hyperphagia (Jeong et al., 2014). Though this system
has been heavily studied, new paradigms continue to emerge,
including that the strict orexigenic or anorexigenic definitions
of populations of its constituent cells are actually more flexible
(Koch et al., 2015). Additionally, an expanding body of data,
building upon initial observations more than 30 years old, has
shown that many other sets of coordinating neural circuitry are
required to keep metabolic regulation in check, including extra-
hypothalamic networks (Grill and Hayes, 2012; Shin et al., 2009).
To maintain energy homeostasis, mechanisms of food intake
must be balanced by those regulating energy expenditure,
including thermoregulation, basal metabolism, and physical ac-
tivity. Indeed, appropriate recommended caloric requirements
can only be calculated by utilizing such information. These
Figure 1. Hypothalamic Control of Energy
Homeostasis
Overview of selected energy-balance-regulating
neural circuitry involving hypothalamic neurons.
Arrows represent activating inputs whereas blunt-
ended lines represent inhibitory inputs; red repre-
sents connections that promote positive energy
balance, whereas black represents connections
that promote negative energy balance. 3V, third
ventricle; AgRP, agouti-related protein; AP, area
postrema; ARC, arcuate nucleus; CB1R, canna-
binoid receptor 1; DMH, dorsomedial hypo-
thalamus; GHSR, growth hormone secretagogue
receptor; LepR, leptin receptor; LHA, lateral
hypothalamic area; Nacc, nucleus accumbens;
NPY, neuropeptide Y; NTS, nucleus tractus sol-
itarius; PAGvl/DR, ventrolateral periaqueductal
gray and dorsal raphe complex; PBN, parabrachial
nucleus; PFC, prefrontal cortex; POMC, proopio-
melanocortin; PVN, paraventricular nucleus; PVT,
paraventricular thalamus; RPa, raphe pallidus;
VMH, ventromedial hypothalamus; VTA, ventral
tegmental area.
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occur to maintain a reasonably homeostatic metabolic environ-
ment, especially at the neural level, and ongoing studies investi-
gating the neural control of metabolic state have begun to
unravel the mechanisms responsible for such critical processes.
This work has proven essential in moving toward understanding
the full scope of how the brain controls energy state and allowing
for the ability to maximally target this regulation toward positive
outcomes.
Hypothalamic Control of Energy Balance through
Intrahypothalamic Connections
The hypothalamus consists of multiple distinct nuclei respon-
sible for a host of functions through their secretion of neuro-
endocrine molecules—including sleep and arousal, fatigue,
thermoregulation, hunger, and thirst—underscoring its critical
role in the neural maintenance of energy balance (Figure 1).
Indeed, early studies pinpointed the hypothalamus as a feeding
center. For instance, work over 60 years old found that lesions in
the ventromedial hypothalamus (VMH) of the rat induced signif-
icantly increased feeding whereas those in the ventrolateral
hypothalamus (VLH) led to opposite feeding behavior and
malnutrition (Anand and Brobeck, 1951a, 1951b), and subse-
quent research noted the importance of several other hypotha-
lamic nuclei.Cell Metabolism 22,The Hypothalamic Melanocortin
System
Studies determining the specific cellular
basis of appetite in the hypothalamus
have heavily implicated the melanocortin
system in its arcuate nucleus (ARC) as a
key regulator of food intake. The notion
that an interplay between hypothalamic
neuropeptide Y (NPY) and proopiomela-
nocortin (POMC) plays a role in feeding
regulation was put forth in 1992 (Horvath
et al., 1992). This was confirmed by the
subsequent discovery of leptin in 1994
(Zhang et al., 1994) and the role of themelanocortin receptor 4 system in feeding regulation in 1997
(Fan et al., 1997). Of particular convincing nature were subse-
quent ablation studies showing that loss of neurons expressing
neuropeptide Y (NPY) and agouti-related protein (AgRP) induced
hypophagia, weight loss, and starvation (Luquet et al., 2005;
Gropp et al., 2005), whereas loss of a separate population ex-
pressing POMC and cocaine- and amphetamine-regulated tran-
script (CART) promoted the converse (Gropp et al., 2005; Xu
et al., 2005). Importantly, further studies of acute and reversible
modulation of AgRP/NPY and POMC neurons have largely
corroborated the orexigenic nature of AgRP/NPY neurons and
the anorexigenic nature of POMC neurons (Aponte et al., 2011;
Betley et al., 2013; Krashes et al., 2011; Zhan et al., 2013).
Study of the molecular regulation of these two groups of
neurons has shed light on their control of energy homeostasis,
including through their interaction with each other. The ARC
is sensitive to circulating signals pertaining to energy status
through its proximity to third ventricle and modified, less
restricted blood-brain barrier. Both AgRP/NPY and POMC neu-
rons express receptors for and are targeted by the hormones
leptin, a satiety signal originating from adipose tissue, and ghre-
lin, a hunger signal emanating from the gastrointestinal tract.
Leptin inhibits activity of AgRP/NPY neurons and stimulate
activity of POMC neurons (Cowley et al., 2001), leading to theDecember 1, 2015 ª2015 Elsevier Inc. 963
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stimulation of the melanocortin 3 and 4 receptors (MC3R and
MC4R) by alpha-melanocyte stimulating hormone (a-MSH), a
cleaved product of POMC (Mountjoy, 2015). Conversely, ghrelin
activates AgRP/NPY cells (Betley et al., 2015; Chen et al., 2015;
van den Top et al., 2004) and inhibits POMC cells (Cowley et al.,
2003), allowing for a greater release of AgRP, a potentMC3R and
MC4R antagonist, stimulating appetite (Cone, 2005). Further-
more, AgRP/NPY neurons are capable of inhibiting POMC neu-
rons themselves through their release of NPY as well as g-ami-
nobutyric acid (GABA) (Atasoy et al., 2012; Cowley et al., 2001).
A recent study, though, has shown that there may be at least
some flexibility within these cell types that defies such strict
orexigenic/anorexigenic definitions. In this work, activation of
POMC neurons via the stimulation of cannabinoid receptor 1
and subsequent release of b-endorphin actually promoted—
rather than suppressed—feeding andmay be the basis of canna-
binoid-induced hyperphagia (Koch et al., 2015). Thus, though the
importance of themelanocortin system is critical in the regulation
of feeding behavior, the diversemeans through which it is able to
accomplish this control are still being understood.
Intrahypothalamic Connections
One important means through which neurons in the ARC exert
their effects is through relay points in other areas of the hypothal-
amus. AgRP/NPY neurons maintain projections to both the
lateral hypothalamic area (LHA) as well as the paraventricular nu-
cleus (PVN), and optogenetic activation of ARC> LHA andARC>
PVN projections is sufficient to induce feeding comparable to
activation of AgRP/NPY neurons themselves (Betley et al.,
2013). POMC neurons also densely innervate the PVN, as well
as the LHA, the VMH, and the dorsomedial hypothalamus
(DMH), among other regions. Disruption of these connections,
too, modulates energy balance. For example, surgically elimi-
nating ARC > PVN connections leads to an obese phenotype,
whichwas proposed to be through regulation ofmelanocortin re-
ceptors in the PVN (Bell et al., 2000). Consistent with this notion,
more recent work found that simultaneous optogenetic activa-
tion of AgRP/NPY neurons and MC4R-expressing PVN neurons
strongly attenuates the increased food intake of activation of
AgRP/NPY neurons alone, regulation that likely is extended
through the action of neurons receiving input from the PVN
and projecting outside of the hypothalamus to the parabrachial
nucleus (PBN) (Garfield et al., 2015). Furthermore, POMC neu-
rons project to the VMH and control food intake via the stimula-
tion of MC4R by a-MSH release and subsequent activation of
brain-derived neurotrophic factor (BDNF) (Xu et al., 2003).
Communication between the ARC and other hypothalamic re-
gions is not unilateral—in addition to their sensitivity to circu-
lating factors, ARC neurons are also regulated by neural input.
Glutamatergic neurons from the VMH project back to the ARC
and transduce excitatory input into both POMC and AgRP/
NPY neurons (Krashes et al., 2014; Sternson et al., 2005). Loss
of inhibition of glutamate release from VMH > ARC neurons,
though, lead to only a modest increase of feeding behavior and
high-fat-diet-induced weight gain, suggesting the requirement
of other regulatory neural molecules in fully defining the anorex-
igenic capabilities of VMH neurons inferred by the early lesioning
studies of this region in the rat (Tong et al., 2007). AgRP/NPY
neurons are also innervated by glutamatergic projections from964 Cell Metabolism 22, December 1, 2015 ª2015 Elsevier Inc.the PVN that regulate feeding behavior (Krashes et al., 2014).
Furthermore, PVN neurons themselves are innervated by
GABAergic LHA neurons, and inhibition of this connection de-
creases feeding (Wu et al., 2015). Additionally, the sensory
perception of a food source is sufficient to induce rapid and
robust inhibition of AgRP/NPY neurons and activation of
POMC neurons, suggesting a neural-dependent, rather than
solely hormonal-dependent, regulation of these neurons (Betley
et al., 2015; Chen et al., 2015).
The control of energy expenditure is likewise coordinated
through intrahypothalamic communication. Both basal meta-
bolism and adaptive thermogenesis, including of brown adipose
tissue (BAT), represent major energy utilization strategies for an
organism. ARCAgRP/NPY neuronsmitigate BAT thermogenesis
through NPY-mediated inhibition of tyrosine hydroxylase-ex-
pressing PVN neurons (Shi et al., 2013). Conversely, ARC
POMC neurons likely bolster BAT thermogenesis through
a-MSH-mediated modulation of both PVN and DMH neurons
(Enriori et al., 2011). Leptin receptors (LepRb) in DMH neurons,
too, are critical in the regulation of energy expenditure and
body weight, as depletion of LepRb in DMH neurons in mice
leads to a significant increase in weight and decrease in acute
thermoregulatory response (Rezai-Zadeh et al., 2014).
While it is not the focus of the current review, it is of importance
to note that both the afferent connectivity (Horvath and Diano,
2004; Zeltser et al., 2012; Dietrich and Horvath, 2013) and intra-
cellular adaptations (Horvath et al., 2009; Nasrallah and Horvath,
2014; Shadel and Horvath, 2015) of hypothalamic neurons impli-
cated in feeding regulation show remarkable plasticity under the
control of peripheral hormones and nutrients.
Hypothalamic Control of Energy Balance through
Extrahypothalamic Connections
Hypothalamic nuclei are also known to extend their reach
beyond the hypothalamus, soliciting the assistance of diverse
neural types to elicit effects on feeding and energy expenditure.
These extrahypothalamic regions are located both inside and
outside of the CNS, highlighting the broad reach of the hypothal-
amus in regulating energy balance.
Brainstem
POMC neurons from the ARC have been proposed to innervate
the nucleus of the tractus solatarius (NTS) in the hindbrain and
activate MC3R and MC4R receptors expressed in this region to
suppress food intake (Zheng et al., 2010). Hypothalamic orexin-
expressing neurons also innervate the NTS and have been linked
to its role inmodulating food intake (Parise et al., 2011). So too, do
oxytocin-expressing neurons from the PVN innervate the NTS,
and these cells have likewise been implicated in the control of
feedingbehavior (Blevins et al., 2004), though this finding remains
controversial (Sutton et al., 2014; Wu et al., 2012).
Hypothalamic neurons also project to the brainstem to control
energy utilization. Neurons in the DMH project to premotor neu-
rons in the raphe pallidus (RPa) (Samuels et al., 2002), which
serve to suppress BAT thermogenesis, likely through their
release of NPY (Chao et al., 2011). Neurons from the PVN also
innervate the RPa,and similarly affect sympathetic input into
and thermogenic output of BAT (Madden and Morrison, 2009),
as well as the intermediolateral column of the thoracic spinal
cord, potentially serving to increase thermogenesis and meta-
bolic rate (Sutton et al., 2014).
Figure 2. Extrahypothalamic Control of
Energy Homeostasis
Overview of selected energy-balance-regulating
neural circuitry acting independently of hypotha-
lamic input. Arrows represent activating inputs;
red represents connections that promote positive
energy balance, whereas black represents con-
nections that promote negative energy balance.
Amg, amygdala; AP, area postrema; GLP-1,
glucagon-like peptide 1; Nacc, nucleus ac-
cumbens; NTS, nucleus tractus solitarius; PBN,
parabrachial nucleus; PFC, prefrontal cortex; VTA,
ventral tegmental area.
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The hypothalamus furthermore serves as the proximal compo-
nent of the hypothalamus-pituitary-thyroid (HPT) axis. The HPT
axis is integral in the regulation of energy expenditure through
its control of basal metabolic rate. In this vein, the release of
thyrotropin-releasing hormone by neurons in the hypothalamic
PVN induces the release of thyroid stimulating hormone in the pi-
tuitary. As is evident from its name, release of thyroid stimulating
hormones stimulates the release of thyroid hormones from the
thyroid that themselves serve to maintain metabolic homeosta-
sis (Hollenberg, 2008).
Mesolimbic Reward System
Though we have focused on the homeostatic control of energy
input and output, it is important to note that food intake can
also bemodulated by the rewarding properties of eating, beyond
even homeostatic requirements. This so-called ‘‘hedonic’’ regu-
lation of feeding is largely controlled by the mesolimbic reward
system, and is partly controlled via hypothalamic input. Orexin
and glutamate co-releasing neurons from the LHA activate
dopaminergic neurons in the ventral tegmental area (VTA). The
activity of these LHA neurons are sensitive to peripheral signals
of energy state, including glucose, and have been proposed to
serve as an inhibitor of glutamatergic stimulation of VTA dopami-
nergic neurons (Sheng et al., 2014). Furthermore, GABAergic
neurons from the LHA also innervate the VTA and activation of
these cells significantly increases feeding behavior (Jennings
et al., 2015; Nieh et al., 2015). VTA neurons themselves further
connect with the nucleus accumbens (Nacc) of the basal ganglia
as well as the prefrontal cortex (PFC) to reinforce reward-based
feeding (Vittoz et al., 2008).
Other Regions
Similar to their effects in driving feeding behavior through other
hypothalamic nuclei, AgRP/NPY in the ARC innervate the ante-
rior subdivisions of the bed nucleus of the stria terminalis
(aBNST) and the paraventricular thalamic nucleus (PVT). Photo-
activation of AgRP/NPY > PVT neurons evokes significantly
increased feeding behavior (Betley et al., 2013), though, unlike
feeding control via AgRP/NPY > PVN neurons, this regulation
of feeding is MC4R-independent (Garfield et al., 2015). AgRP/
NPY neurons, in addition to reaching the PBN via a second-order
connection through the PVN, also innervate directly and may
serve as inhibitory inputs to the PBN via their release of GABA.
Though loss of GABA signaling into the PBN decreases food
intake, suggesting that these inhibitory inputs are orexigenic innature (Wu et al., 2009), optogenetic activation of AgRP/NPY >
PBN neurons is not sufficient to induce an increase in feeding
(Atasoy et al., 2012). Furthermore, hypothalamic PVN neurons
innervating the caudal ventrolateral periaqueductal gray (PAGvl)
and dorsal raphe complex (DR) locus of the midbrain, when
silenced, lead to a significant increase in food intake (Stachniak
et al., 2014) and may be part of a feeding circuit that includes
AgRP/NPY > PVN neuronal control of feeding (Stachniak et al.,
2014), though stimulation of MC4R-expressing PVN neurons,
downstream targets of AgRP/NPY cells in regulating feeding,
alone was not sufficient to modulate food intake (Garfield
et al., 2015).
Extrahypothalamic CNS Control of Energy Balance
Not all neural networks that calibrate energy status require
signaling from the hypothalamus, and a solely hypothalamocen-
tric view offers only an incomplete picture of homeostatic energy
regulation. As has been discussed, hypothalamic neural circuits
drive necessary changes in caloric intake or energy expenditure
and often involve additional CNS regions in their control, yet neu-
rons in many of these areas are constituents of additional cir-
cuitry that does not necessarily include hypothalamic input
(see Figure 2). Indeed, this more distributed control network
has long been identified and studied, with more recent findings
beginning to work out the underlying cellular and molecular
mechanisms of this extrahypothalamic control.
Hindbrain
Like the ARC, the area postrema (AP) in the hindbrain benefits
from its ventricular apposition to receive circulating endocrine
signals. As the ARC borders the third ventricle, the AP borders
the fourth ventricle and is privy to both humoral and neural
cues. Early work determined that lesioning in the AP as well as
the adjacent NTS of the medulla oblongata causes sustained
weight loss (Miselis et al., 1984). More recent work has shown
that neurons in the AP and the NTS express leptin receptors
and that knockdown of these receptors induces hyperphagia
(Hayes et al., 2010). The pancreatic hormone amylin as well as
glucose both activate specific AP neurons to inhibit feeding (Rie-
diger et al., 2002), and glucagon-like peptide 1 (GLP-1)-express-
ing neurons from this region project to the PBN and contribute to
its ability to reduce feeding when activated (Richard et al., 2014).
In addition to their presence in the ARC, POMC neurons also
reside in the NTS, and their acute chemogenetic activation
rapidly inhibits of feeding, whereas POMC neurons in the ARC
need to be chronically stimulated to decrease feeding behaviorCell Metabolism 22, December 1, 2015 ª2015 Elsevier Inc. 965
Cell Metabolism
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ever, has no effect on feeding and body weight (Zhan et al.,
2013).
Parabrachial Nucleus, PFC, and Amygdala
Activation of neurons from the PBN expressing calcitonin gene-
related peptide (CGRP) and projecting to the central nucleus of
the amygdala (CeAlc) decreases appetitive behavior whereas
their inhibition increases feeding during administration of
anorexigenic compounds and ablation of AgRP/NPY neurons
(Carter et al., 2013). Furthermore, these PBN > CeAlc neurons
play a role in conditioned taste aversion (Carter et al., 2015).
The medial basolateral amygdala (mBLA) is innervated by
D1-type dopamine receptor-expressing neurons from the PFC
that, when optogenetically activated, increase feeding (Land
et al., 2014). Furthermore, within the amygdala itself, protein
kinase C-d (PKC-d)-expressing neurons located in the lateral
subdivision of the CeAlc increase feeding behavior when opto-
genetically inhibited and decrease feeding when optogenetically
activated, whereas PKC-d neurons may work in the opposing
direction (Cai et al., 2014).
Mesolimbic Reward System
As was noted, the mesolimbic reward pathway heavily influ-
ences the hedonic aspect of eating through hypothalamic regu-
lation. This pathway may also contribute to the homeostatic
control of feeding through extrahypothalamic means. Recent
studies have shown that amylin may exert its anorecetic effect
through binding to its receptor in the VTA (Mietlicki-Baase
et al., 2013), potentially through its relay to the Nacc (Mietlicki-
Baase et al., 2015b). Additionally, amylin likely works in concert
with leptin to mediate this suppression of feeding. (Mietlicki-
Baase et al., 2015a).
The hindbrain and VTA feeding centers are not mutually exclu-
sive. In addition to their projections to and effect on the PBN,
GLP-1-expressing neurons from the hindbrain likewise project
to the VTA to control body weight and feeding (Alhadeff et al.,
2012).
Vagus Nerve
The vagus nerve is also privy to circulating hormones pertaining
to satiation status. The vagus innervates peripheral organs,
including the liver and gastrointestinal tract, recognizing cues
released from these organs through the expression of their re-
ceptors, and, in turn, relaying this information to the NTS of the
hindbrain (Berthoud, 2008; Faulconbridge and Hayes, 2011).
In addition to recognition of hormones, the vagus nerve is also
sensitive to changes in lipid levels, potentially through a peroxi-
some proliferator-activated receptor g-mediated mechanism
(Liu et al., 2014).
Peripheral Nervous System
Neurons in the CNS have received much attention in the circuitry
regulating energy homeostasis. Yet a growing body of evidence
in simpler model systems suggests that peripheral sensory neu-
rons may also assist in this control. These neurons, rather than
sensing internal cues, instead sense external sensory stimuli
and transduce this information to the CNS. These neurons
were originally noted, of course, for their ability to tune an organ-
ism to both potentially harmful and helpful aspects of their envi-
ronment. More recently, however, their modulation has been
shown to elicit potent effects on the metabolic physiology of
the organism, a control conserved at least in the roundworm966 Cell Metabolism 22, December 1, 2015 ª2015 Elsevier Inc.C. elegans and the fly D. melanogaster. Early work in
C. elegans found that ablation of chemosensory neurons
could modulate lifespan (Alcedo and Kenyon, 2004; Apfeld and
Kenyon, 1999). This was further shown to hold true in
D. melanogaster, both in altering the function of olfactory and
gustatory neurons (Libert et al., 2007; Ostojic et al., 2014; Water-
son et al., 2014, 2015). In addition to modulating overall lifespan,
these PNS manipulations in the fly also alter metabolic parame-
ters (Libert et al., 2007; Ostojic et al., 2014;Waterson et al., 2014,
2015).
These inputs, then, may serve not only to inform the organism
of a potentially nutritive or toxic food source but also feed into
metabolic circuitry to physiologically prime the body for food
intake of that source. Indeed, just the smell of yeast can
decrease fly lifespan (Libert et al., 2007), and, as noted previ-
ously, the sight and smell of food, without its actual ingestion,
is sufficient to reduce activity of AgRP/NPY neurons and in-
crease activity of POMC neurons in mice (Betley et al., 2015;
Chen et al., 2015). These results suggest that peripheral
neuron-CNS-metabolism circuitry may be conserved in mam-
mals, representing both a new perspective on internal metabolic
control and a powerful means by which to influence energy ho-
meostasis. Additionally, these circuits may serve to modulate in-
ternal metabolism in response to a lack of sensation a given
nutrient (Waterson et al., 2015). More work in mammalian model
systems in the same vein will help to determine how well this pe-
ripheral sensory neuron-mediated regulation is conserved and
may extend to humans.
Feeding Circuits and Non-Food-Related Brain Functions
and Dysfunctions
To date, most attempts to understand normal and diseased
functions of higher brain regions have operated under the prem-
ise that the cerebral cortex represents a supreme regulatory en-
tity in the integrative physiology of the organism. From this arises
the notion that understanding malfunctioning of the cerebral
cortex, and the disease states that result, must come from
further investigation of cortical and well known, related sub-
cortical circuits.
Anorexia nervosa is one such psychiatric disorder and is often
characterized by extreme hypophagia, body weight loss, hyper-
activity, and hypothermia (Casper et al., 1991; Hebebrand et al.,
2003; Kron et al., 1978). Anorexia nervosa has the highest mor-
tality rate among psychiatric illnesses (Sullivan 1995). There is
no cure of anorexia nervosa nor is there a clear understanding
of its etiology. An elevated level of physical activity in patients
with anorexia nervosa has been reported formore than 100 years
(Gull, 1888; King, 1963; Davis et al., 1997; Pen˜as-Lledo´ et al.,
2002), and a positive relationship between obsessive compul-
sive disorder (OCD) symptomatology and exercise frequency
has been observed both in high-level exercising women and in
hospitalized female anorexia nervosa patients (Davis et al.,
1995). In the patient group, weight preoccupation was associ-
ated with the frequency of exercising and pathological attitudes
to exercise (Davis et al., 1995). Both addictive and obsessive-
compulsive personalities contribute to excessive exercising via
influence on obligatory/pathological cognitions about exercising
(Davis et al., 1999). Furthermore, exercising anorexia nervosa
patients have more bulimic symptoms, higher levels of
general eating psychopathology, and a greater degree of body
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(Pen˜as-Lledo´ et al., 2002). Mental alertness and continued
normal to high activity levels in the presence of a negative energy
balance and weight loss are commonly viewed as being
relatively unique to anorexia nervosa patients as compared to
individuals with semi-starvation due to other causes (Casper,
1998). Indeed, of the millions of people engaging in recurrent
exposure to diets for the purpose of weight loss, only a few will
emerge with anorexia nervosa. The activation of a phylogeneti-
cally old system leading to rewarding activation upon reduced
energy intake has been proposed as a likely initiator of anorexia
nervosa (Epling and Pierce, 1985).
Recent results suggest that hypothalamic AgRP/NPY neurons
may be key to the emergence of altered neuronal circuit activity
in higher brain regions, which could bring about the emergence
of anorexia nervosa and associated OCD symptoms. Our data
on non-food-related behaviors indicate that there are both
developmental and adult components of this action of the
AgRP/NPY system on altered higher brain functions, each of
which alone as well as together could bring about disease devel-
opment. We showed that during the early postnatal period,
AgRP/NPY circuit regulates the development of adult excitability
of the midbrain reward circuitry (Dietrich et al., 2012). Midbrain
dopamine effrerents to various brain regions, including the
ventral striatum and PFC, have crucial roles in control of higher
brain functions associated with motivated behaviors, and are
implicated in variousmental disorders (Hauber, 2010). Additional
data from our laboratory also argue that AgRP/NPY neurons in
the adult can also evoke stereotypic behavioral responses
related to higher brain regions and are not limited to feeding
and energy expenditure. These behaviors included repetitive,
compulsive tendencies; increased locomotion; and behaviors
indicating diminished anxiety or fear (Dietrich et al., 2015).
Similar behavioral traits have also been reported in genetic
mouse models of psychiatric conditions, including schizo-
phrenia. Indeed, patients suffering from schizophrenia, as well
as bipolar disorder and depression, also often have as a comor-
bidity changes in eating patterns (Kouidrat et al., 2014). Further-
more, atypical antipsychotics used to treat many psychoses
often induce a significant weight gain and associated metabolic
dysfunction that can present more complications than the pri-
mary disease itself (Musil et al., 2015).
Mechanisms that regulate energy homeostasis may also play
a role in the etiology of neurodegenerative diseases. Dopami-
nergic neurons located in the substantia nigra work to regulate
complex motivated behaviors and fine motor abilities. In mouse
models of Parkinson’s disease, the orexigenic peripheral hor-
mone ghrelin, which is a major driver of hypothalamic AgRP neu-
rons (Cowley et al., 2003), has been shown capable of altering
these cells’ activity and ultimately ameliorating their impairment
and death (Abizaid et al., 2006; Andrews et al., 2009), and the
signaling events allowing for ghrelin’s neuroprotective effects
on substantia nigra dopamine cells reflect that of ghrelin’s con-
trol of feeding behavior (Andrews et al., 2008). Furthermore,
ghrelin has been shown to act in the hippocampus to promote
learning and memory and to reduce defects associated with a
model of Alzheimer’s disease (Diano et al., 2006).
The aforementioned emerging data thus argue that homeo-
static circuits related to feeding and peripheral tissue activityhave a fundamental regulatory role in the control of a variety of
complex behaviors and their dysfunctions. Thus, in depth inves-
tigations on the role of these circuits during development and
adulthood on higher brain regions, including the cortex, and their
functions are warranted.
Conclusion
The regulation of energy balance is complex and is governed by
diverse neural networks. Yet its understanding, in which major
strides have been made, is critical for targeting these mecha-
nisms to combat disease. The adverse consequences stemming
from disrupted energy homeostasis, of which harnessing mech-
anisms of neural metabolic regulation could potentially rectify,
manifest themselves in a spectrum of disease states. Metabolic
syndrome and type II diabetes have long been recognized as
effects of caloric overconsumption without sufficient energy
expenditure, yet other disease states, including psychiatric ill-
nesses, have a metabolic component and may share common
neural control.
In addition, dietary behavior has been reproducibly shown
across species to modulate aging-related phenotypes, including
lifespan and multiple physiological parameters—with the reduc-
tion of caloric intake without starvation noted to have largely
beneficial effects and high-calorie regimes the opposite (Fon-
tana and Partridge, 2015). Increased age, and, presumably, the
decline in physiological execution it induces is the most predic-
tive risk factor for a myriad of diseases, including cancer, heart
disease, and neurodegenerative disorders (Niccoli and Par-
tridge, 2012). Thus, the clinical implications of understanding
and potentially manipulating how neural networks regulate en-
ergy homeostasis are far-reaching. Importantly, this knowledge,
and the treatments it may generate, can be combined with
lifestyle regimens to provide the most effective strategies in
combating these illnesses.
Continuing progress in isolating and defining the neural cir-
cuitry guiding this control will undoubtedly be pushed by the
use of novel reagents that allow for the specific and controlled
manipulation of neural populations. New cell- and region-spe-
cific driver lines and increasingly sophisticated optogenetic
(Fenno et al., 2011) and chemogenetic tools (Sternson and
Roth, 2014), among others—and combinations of these tech-
niques—will permit a more focused approach to understanding
how neurons associate with each other and the effect of this
communication on the organism. In addition to and of equal
importance with technical advances will be changes in percep-
tion of the limitations of what a single neuron population can
accomplish throughout its lifetime, allowing for novel regulatory
connections to be explored and exploited.
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